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The results of a prelininary 1nvest1g?tion of submerged—
duct entrances are presented. It is shown that an entranco
of this type possosses dosirable critical spoecd and pressuro—
rocovory crharacteristics when used on a fuselage or nacelle
in » region of low incremcntal velocity and thin boundary
lnyer. The dazta obtained indicate that submerged ‘entrances
are most su1table for use with 'internal-flow sydtems which-
diffuse the air only a small ‘amount: for example, those used
with jet mctors which have axisl-flow compressors, HWhere com—
plete diffusion of the air is required, fusclage—nose or wing—
leading—edeﬁ inlete may prove “to be supericr.

The results of tae inve=t¢£ation have been prepared in
such.a:form.as to permit their use by a designer and the
‘applicntion of these data to a specific design’ is discussed,

INTRODUCT IOX

The use of the jet—propulsion motor has greatly inten—
sified the need for efficient air—inductioxr systems for
high~-speed aircraft. Although the air quantities used by ~
such motors are not greatly in exzcess of the over-all air
requirements of corvention=1l mircraft engines of eguivalent
highfspecd thrust, tnhe performance of a2 jet motor is

ffected to a much grester extent by pressure losses in

“the air-induction svetem resulting from poor design. At

high speed, = loss in tot~)l pressure of 10 percent of the
free—stream dynamié pressure for the air upplied to the
Jet motor of a typical fighter aircraft moy result in a

oy
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1855 in thrust equivalent to about one—tenth of the air—
ane drag. ‘#hen it is realized that very few of the
aJr—lnduction systems of existing jet—propelled aircraf}
have total Pressure recoveries of more than 65 percent of
the frec—stream dynemic pressure, it becomes apparent that
there is 2 great need for improved designs.

The Eational Advisory Committee for Aeronsmutics, work—:
ing closely with the Army and Navy, has been conducting
extensive resecrch on the problems of jet—motor air-—
induction systems at its varicus laboratorles. Results
n"' trFda maanarnnah s

tkis research concerned with Lubc1u5e—ﬁuse inlets and
external scoops have been published in references 1 and 2.

As a part of this research program, the Ames Aeronautice
Labvoratory has undertaken the investigation of air inlets
submerged below- the surface of the body into which.the
entrwnce is placed. This type of air inlet i€ not- fiew,’

h~aving been tested first during the dict-entry résearch of -
reference 3, Submerged ard semisubmergzed inlets have #lso
received considerable attention from varicus aireraft
manufacturers. It is the purnose of the invéstigation
reported herein to prOV1de more complete informetion on

“entrances of this type so as to define their" relative
'"merits conpqred with other thes of inlets.

B

A study of' the geometric’ characteristics of submerged
air inlet'= 1ndicated the fol’owing nos sibdle advantages.

P [

1. Reduction of the length® of the 1nterna‘ ducting and’

‘the elimination of ducting bends with a saving in wéignt ' and

reduction in pressure losses compared to a wing-leading—edge
o~ fuselage—nose inlets

2., Reduction in external drag when compared with ex—
ternal fuselane scoo:s

'Bﬁ-aasier attqinment of nigh crlticnl speed at hi gh—'?c
speed attitude than for exterhal fuselage scoops and a wider
range of airplape attitude for high critical speed than for
a wing lEddlnP edge or fusel ge—nose entrunce B “L;;t

.

It was bel 1aved that these advarntages would favor the
us € of such entrances for certain sir—induction systenms, PTO
vided that des: gn mothods could be established to elimlnate
the cuaracterlstlc low nressure recovery. e ce T
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4 MODEL AXD AFFARATUS
The:- éeneral investigation of the subrerged entrances was

made 4in the 47022 d— by 1.5-foot wind channel shown in
figure 1. This wind channel is 5f the open—return type:
and is powered with a high—capacity centrifugal blower
caveble of producing a maximum -airsyeed of 180 miles per
hour in the test section. The air stream itself is very
smooth and probdabdly of icw turbulence: uﬁcause<of the con—

rﬂctioq ratio of 13.0 to 1.0,

£

heasurements of the tunnel air stream indicated an
appreciably thick boundary on the wells of the test section.
In order to obtain the thinnest boundzry layer possible, a
false wall was built into the wind—tunnel test section so
tnet the tunnel—wall boundary layer passed bestween the
false and true wzlls of the tunnel. The model submerged
duct was placed in this false wall as shown in figure 1.
Air flow into the model duct entrance was controlled. through
the use of a small centrifugal blower.

The model of the submerged—duct entrance was so designed
that the contours of the lip, the angle of the entrance
ranp (fig. 1) nnd the divergence of the ramp could be changed
without removing the other duct parts. The opjenings tested
were of 4—sgunre~inch area, one of 4— by l—inch a2nd the
other 2—- by 2-inch dimensiom. ¥For all tests, the air drawn
into the entrance was expanded to a very low velocity in an
8° conical diffuser of 15.0 to 1.0 area ratio. Figure 2
shows a2 view o0f one of the entrances tested.

A gpecific appiication of the results of .the general
investigation was tested on a 0.25—-scalc model of a fighter—
trme alreralt in the Ates 7- Dy 10—-foot wind tunnel No. 1. Views
of the submerged duct for this model =zre shown 4n figures

3 (a) and (1),

THOD

1]
N

TESTS AND TEST X

Measurements of the nressure losses of the air flowing
into the submereed duct for the teste in the Aunes 1- by l.5-foot
wind .channel ware mnde both at the entr-nce and =t the end
of the diffuser. The placins of the totnl-pressure tubes
and the st“t1c~;re sure tubes in the entrance is shown
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in figure 4. PFPressure losses at the end of the diffuser
w Qere neusured with total—prersure fubesz. It :shoyld be

smoted that all measurements of the pressure recovery at

-the end of the diffuser ‘were made while the pressure—-'
] mensuring rakes were located in the duct inlet. The
' pressure losses resulting fromw the drag of these rakes are
of considerable magnitude nnd the deta obtained for the
diffuser are of comparative value only. This ‘in no way
detrrcts from the value of these measurexents since they
are used for comparing the effects of various changes %o
the entrance. Data useful to the designer were odbtained
with the rakes at the duct entrance by plotting contours of
pressure loss in the entrance from the measured values
-obtiined with the pressure—measuring tubes of figure 4 and
integrating these pressure losses to obtain the average’
loss. Losses measured with these rakes represent the value
obtzined with 100—percent diffuser efficiency. Data for
other diffuser efficiencies may be compnuted from these
measurements., For all tests, the inlet—velocity ratios arc
mean vziues determined from air—ouantity mesasurements made
with a calibrated venturi meter located in the air duct
leading to the centrifugal dlower,

Pressure—distribution tests were made over the lip and
the ranp of the entrance to permit an estimation of the -
- ) : critical spced. Fressure data.obtained with flush orifices
v were used with reference 4 to obtain values of the critical
Mach numbers for various opera tinz condltion .

. The effects of removirng.the boundéry“layer of the
surface aheaa of the submerged duct. . were determined by
testing suction slots at various locations shead of the

o ‘ © duct entrance, A small centrifugal blower wns used to

; orovide suction, Air quentities were measured with a eali-

~breted venturt,: A:sxeten of the boundary-layer—cortrol
test duct is shown in figure 5. : .

.

Hearly =211 tests were made by holding the tunnel air—
speed constant and varying the air guantity flowing in the
duct to vary the inlet—velceity ratio. A few tests were
mzde 2t very high inlst—velocity ratios by reducing the
tunnel sirspeed. .

‘Tests of submerzed—duct entrances for the 0,25—scale
medel cof the fighter aircraft were made by inducing air
flow irnto the inlets with ar air pump conanccted to a channe
in the spar of the tip—supported mcdel. The inlet—velocity
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ratio was held constant while the model angle of attack

was varied.?! Fressure losses were me=sured at the simulated
entrance ta the Halford jet motor with a rake of 17 total-
pressure—medsuring tubes in each duct.

RESULIS AND DISCUSSION

General Investigation

The investigntion of the submerged-duct entrnances in the
small wind channel was divided into phases, each concerned
with one particular design varizble. These variadles were

as follows:

1. Ranp design

2. Lip design

3. dntrance shape and aspect ratio
4, Boandary—layer thickness

The discussion dcals with each of these varisbles separ—
»tely. Portions of the discussion nre also devoted to the
few tests of boundary—layer control and to the external—drng
characteristics. Figure 2 defines the various elements of
the submerged entrance. : S

Bemp design.— During the preliaminary tests of the sub—
merged entrznces, the pressure recoverices obtained both 2t the
end of the diffuser ard at the duct entrance were disappoint—
ingly low. A maximum valuc of pressure reccovery of about &7
percent was mensured after complete diffusion at an inlet—
velocity ratio of 0,5. The pressurc recovery decreased to

‘zero when the iznlet—velocity ratio was increased to a value

of 1.8, The ontrunce tested consisted of » 1— by 4—inch
opening at the end of a 7° ramp bounded by straight parallel

. walls. Since at inlet—velocity ratios of less than 1.0, more

2ir enters the upstream -end of the ramp thrn flows into the
entrence with resultant spillage over the sides and, since
the streamlines of the flow diverge ns the opening is
aporoached, it wes suggested that some improvement might Dbe

" obtainel by diverzing the walls of the ramp to. . fit the

strezmlines more closely. Tests of the first divergent wnlls
showed a surprising incresse in the pressure recovery of 8

to 10 percent at inlet—veliocity ratios of less than 1.0,

In order to investigate this further, tests of various
straight divergent wslls snd one curved divergent wz2ll as
shown in figure 6 and table I'wvere made. The results
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of these tests are shown in figure 7. The best pressure -
recbveries were obtained with the curved divergence 4 which

Kgaqp.a.mnximum pressure recovery of 73 percent at en inlet—

velbeity ratio of 0,40, Improvement was also found at iflet—
veloecity ratios greater than unity. It should be explained
that the neasure of divergence used in this investigation is
the ratio of the width of the entrance of the ramp to the
width of thne submerged entrance, An examinntion of the
pressure—loss data of figure 8(a) obtasined in the duct
entrance shows that the efifect of the divergent walls 1s %o
rcduce =z2ppreciably the losses suffered by the air entering
the duct. The improvement of flow losses found at inlet—
velocity ratios of 1,0 or greater indicates that fitting the
contour of the r=omp wnlls to the struamlines does not give

a fuli explonation of the recduction of pressure losses. It
is surmised that the divergent walls of the ramp act to
reduce the amouut of boundary—layer air whick flows down

the ra2up, thereby increasing the pressure recovery at all
inlet—velocity ratios,

It was noticed, however, that while tiie pressurc losses
were much improved over the entrance as a wheole, higher
losses than those obtained with no divergence were found
in a small region close to the sides in the upper half of
the opening Just below the lip. This effect is shown by
the data cf figure 8(b) taken for the préssure rake mounted
one—half inch from the opening, Flow studiecs indicated that
these¢ pressure loeses were originating in » short stzlled
region aloug the walls of ‘the remp. Attonpts made to !
izprove this conditicon by rounding’ the eliges of the walls
resulted in even greater losses. It wszs found thst by
pincing snall ridges or deflectors of a maximum height of
one—hall inch along the top of the divergent walls as shown
in figurs 9, an appreciable gain could be obtained at inlet—
velocity ratios greater than C.6. These data are shown in
figure 10, The combination of the curved édivergence and - ¢

deflectors incre=ses the maxiomum presstire recovery after:.

diffusion from 57 percent (fig. 7) to 78 percent’ (fig. 10)
at an inlet—velocity ratio of 0.4 and from 20 to 26 percent
&t an inlet—velocity ratio of unity. The effect of these
deflectors on the losses at the sides of the entrance 1s
shown in figure 11, ‘

The ‘Toregoirg results were obtaincd with n ramp angle of
7 . .1t was neccssary, therefore, to determine the effect of
ch=nging the rawp angle oun tue pressure losses and to find
cut whether tie use ¢f divérgence wos as cfficacious with
greater ranp angles as for 7%, . The results of figure 12
show that, with parallel side walls, an sppreciable

'Jﬁii========-.
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_improvezen‘ in the pressure recovery is experienced with

increowlrg ramp angle especially at the inlet—velocity ratios
greater tbgn unity. The results of tests . of various ramp
angles with divergent walls presented in figﬂre 13 qhow that,

for ramp angles up to 10°, the use of divergent walls
results in a reduction of the pressure losses. For 15°,?

i
a2 lerge Ioss in pressure recovery was experlenced. The -
i

results of these tests indicate that, as a racp angle

increases, the divergence used should decrease. Figure

14(a) shows the effect of ranp angle on the pressure
distribution along the rarp., Figure 14(b) shows the pressure
distributicn along the ramp as it varies with inlet—velcecity
ratio,

Lip design.— In desigiing = satisfactory lip for the: '
submerged duct, two requirenents must be satisfied. First
the lip must have a shape that will give a high critical’
speed at the low iﬁlct~velocxty ratios used in high—speed
flight; and saocond, the 1ip shape must be such that ‘no
st2lling of the internal flow will occur at high inlet— ,
velocity ratios or even 9@ infinite inlet-velocity ratio
correspsnding to the st=tie ground operation of the jet
motor. With these criterias in mind, seven lip shapes
were tested,  Lixe -drawings of these .shapes are given in
figure 15, and tables IZ(a) and II{b) give their ordinates,

"The results of tests "0of these 1lip slinpesg are’glven in table

III, The first lip tested was pcor in all respects,
especially insofar 48 "the stalling of the internal flow -

was concerned, Adding curvature to the &inner surf=ace (lip

2) improved these stalling tendencies, but the critical spéed

‘wos still very poor. ' Adding curvature to the outer surface
“('Lip ‘3) did not- inprove ‘tHe critic~I"speed and made the

internsl—-flow losses much greater. ‘Adding curvature to-both
the inside and outside surfaces (lip 4)incresdse the critical
speed and eliminated stalling of the lip except at infinite
inlet-veloeity ratio. Changing the nnséiradids (lip 5) did

" not improveé this condition, but "an 1ncrease in camber and an

inérease in nose radius resulted 'in an: entirely satisfzctory
1ip (1ip 6). A further attempt to improve this Yip by
incresasing the 1iv radius resulted in d 'still further de—
crease in critical speeds. It ‘is’ ccncluded- that, for the
duct te«ted 1ip 6 wAas antirely Satlsfactory.v pe ol
It was anticiprnted that changing the ramp of tbe sdbv
merged entrinces might have an appreciable effect on the angle
of flow at the lip and thereby onthe critical” speed., ” Tests

of 1ip & with = ramp angle of 72 ‘showed ' a decrease in the-!
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.,daximum critical speed from M of 0.92 to & value of M,

cr

“8f 0.83 at an inletrvelocitv ratio of O. 94 when divergence

replaced the nonddverwgent. ramp walls. It was surmised that

" the increased pressure recoyery with the divergent wall was

increasing the angle of flow at the lip. While the value ¢
M of G, 83_15 quite high under normal conditions, the fac

cr

that theee submerged inletg probadbly will be used on surfac

422 v vaes T

over which the velocity is greater than frea-stream velocit
maves the attainment of the highest possible critical speec
for the lip necessary for a satisfactory airplane installa-

tion.

In order to counteract the increased angle of flow, t!
1ip of the duct was given 3° of down incidence. The effect
of this chanse in incidence may be determined from a compa:
son of- the pressure-distribution data of figures 16 and 17
vhich show the lip pressure distridbution with zero incidens
and with 3° down incidence. The effect of the change on tl
critieczl Mach nunmber is shown in figure 18. The maximum
critical- sneed with: 3° of down incidence is increased to: a
value: of Mcr» of.D*92 at an;inlet-velocity ratio<pf.9;85.

-, -
- . . .

‘ It was antlcipated furtkher that a change-in: rapp angl:«
might have an abpreciable effect on the critical Mach numb.
of the 1ip by chahging the angle of flow. Data obtalned fe
lip 6, shown-in figures 16, 19, and 20;-inaichté-a sizable
effect of ramp-angle théonge on the pressure distridutton .
over the” 1ip © 1t 45 noEesible to compensate for the ethahege

“in! ramo‘anvle by chanzihg the incidence of the lip.  This

believed motre desirable than changing the ‘cumbet of-the’ 11y
iteelf tince it-i1s-possible’ that the contours’ of the lip-u-

be thangef enough to- cause. stalling of the internal- flow a“

s ~

‘1nfin1te 1hlet- velocity ratio‘ R AT

. N P -
~ - - v

Tbe oriplnal 1livps used for the submerged ducts, as’

shown by fizure 15(a), ‘protruded slightly above’ thé. surface

This’ef?étt‘ii'not'detrimental “but is is somewhat? ea51er
to falr:  the' ends’of the lip and ‘t0:change its incidence’
1f 14 1is lowersd until its upper surface becomes tangent -
to thé surfate into which the submerged duct is’placéd,

as shown by figures 2 and 15(t);:. iTests of -this arrange- -
ment showed the same characteristics as for the original
lip-loctatidon,. Oxéinates fbr the lip!so yiaced are-givén

“in tablexII{b).7-These' lips,-wnen reluated to-the depth of-

the model-duct enttrnte, are believed to representithe :
upver’likit of:desiradble lip s8ize. Tests of submerged ':

L
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inlets des%gnCd for =a specific airplane discussed later
indicate that the ratio of 1lip size to duct depth may be
reduced to»wbout two—thirds of that used {or the lips of
tables II(a) and II{Db).

Entrsnce nspect ratio, — A few tests were made t5 deter—
mine the effect of entrence aspect ratio on the presSure—
recovery characteristics, Comparative results are shown in’
figure 21 for the 1— bJ 4-1inch opening (for which most 0f the
research wa2s conducted) and » 2— by 2-inch opening. The
effectiveness of diverging the walls for the 2— by 2—inch
opening is of comparable magnitude to thnt found for the
1— by 4-inch c¢ntry. The maximum pressure recovery which
may be renlizcd for the 2— by 2—inch opening is slightly
less than for the rectangular opening. The data of figure
22 indicate th=t the lcss in pressure recovery resulting
from a thick boundary layer 1s somewhat less for the saquare
opening. :

sffect of boundsyv—layer thickness. — All the tests dis—
cussed above were made with the normal bouvndary layer of the
falgse wall of the wind channel noted as boundary layer 1 in
figure 23.. In order to ascertain the effect of boundary—
layer thickness and to provide data applicable to.submerged—
duct installaticns far «ft on the fuselage of an =2irplene,
tests were also m2ade with the two other boundary—layer
thicknesses shown in figure 23, ZResults of these tests
2are shown in figure 24, As expected, these thicker boundary
layers appreciadbly reduced the zpparent pressure rccovery

at the end »f the diffuser,

In erder tc ascertain the effect of the deflectors on’
the préssure recovery, tosts were masde with both normal and:
extended dzflectors. (See fig. 10,) The results of these
tests are shown *an figure 25, It may Dbe seen that, for the
thinnest boundary layer, the normal deflectors showed an '
aprreciable improveémant while the extended deflectors im—
proved the pressureé recovery cnly for 2 small.range of low
inlet—vclocity ratios., With dboundary layer 2, the usc of
extended deflectors very epprecladbly incressed the pressure
recovery. “with boundary layer 3, the improvement resulting
from the usc of ceflectcecrs.was less, This decre=ase in the
effectiveness of the deflectors is believed due to the fact
that the boundury layer was very, thiex,

As will be shown later in this report tests of =2 speci—
fic model with a boundary layer thinnasr then any of those
mentioned in the preceding paragraph showod a decrease in
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pressure recovery resulting from the extension of the deflec—
toJE Improvement resulted from the use of normal deflectors
“Itiyray therefore bc coneluded that, for all boundary—layer
thitkncssces, the ncrmal dcflcctors should be used, %u% tivat
the defleetors should be extended only when the boundary -
layer 1s. as thick or thicker than boundary layer 2. 1In any
specific application, the controlling parameier to be used
in applying the resultse of this investigation, insofar as

the thickness of bvoundary layer is concerned, is the ratio

of btoundary—layer depth to thhe dopth of the subm Eed
entrance,

Boundary—laver control, — 3Boundary—layer—control tests
were macde with a suction slot located at various positions
along the ranp, as shown in figure 5., The effectiveness
0of the boundiary—lasyer control was found to be best when the
slot was located in the ramp rear the irlet. The data
obhtained with the best slot (slot 4, fig. 5) are given in
figures 25 and 27. These data show that, if the flow in
the boundary—layer suction slot is about 20 percent -of the
flow into the submerged inlet, the best results are obtained.
Eowever, the improvement obtained by use of toundary—layer
corntrol is no greater than 1s obtained by extending the‘~1u:
deflectors, It is believed that the use of extended.
deflectors will show an over—all increase in airplane .
performance grecater than for becundary—layer control. . It
is expsctecd, however, that, if the walig of the ramp -have no
civergcenco, the c¢ffectiveness of the boundary—layer control
will be much groater. .

Jdrag. — No drag messuremcnts were made in the general in-
vestigation in the Ames 1— by 1l.5—foot. winc channel. It is
impossible to distinguish between the external and internal.
drag of a subuerged inlet in the same manncr as for an inlet
in the loading cdege of a wing or streamline body, Nearly all
the alir which suffers a lass in momerntum due to .the presence
of theg submerged inlet flows into the entrance of the duct
where that loss in momentuuw . appears as a pressure loss.

For the basic submnerged duct 1t might be said that the . .
external drag is a negative oyantity since there- probably
is an improvcaent of the ¢10w bchind the inlet becaqso of .

the removal of the boundary lavnr.

It is expcctsi, hovwever, .that the uss of deflectors will
reeult in some small external drsg; but in view of the large
incresse in pressure recovery resulting from their use, it irs

telieved they will result in a large net gain.
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Application to a Specific Design

)

4
“ ‘.;; . .. i . .

As mcntfioned previously, the resulté of the general
investigation were applied to a upecific airplance deslgn and
tested on a 0,25—ascale model in the. fies 7— by 10-fcot wind
tunnel, - The airplane used for this purpose is a high—gpeed
fighter airplaone powecred with a Halford jet motor. From
the results of the basic research, twin submerged entrances
were designed 40 supply alr to the Halford unit at an inlet—
velocity -ratio of 0.70 .at an airspeed of 470 miles per hour
at 15,000 fget altitude. The internal ducting was of
constant area back to the twin entrances of tke jet motor,
FPressure losses in the -ducting as determined from dYench .
tests were founa to be 10 percent of the dynamic pressure
of the air flcwing in the duct., Views of the submerged
inlet are snown in figure 3, and a dimensional sketch is
given 1n figure 28. :

The results .0f tests made for the basic submerged duct
and for the inlet with normal deflectors are shown in
figure 22, ‘The use of the deflectors appreciably increased
the -pressure recovery at the high inlet—velocity ratios.
Extending the édeflectors had a deleterious effect on the
pressure recovery., Since the boundary layer was very thin,
these results substantiate the theory that the extended '

deflectors nny improve the pressure recovery only if the
boundary laycr is thick.

The results of tests in which the angle of attack was
varied are shown in figure 30, It is. interesting to note
that the variation of pressure recovery with angle of attack
is small. This represents a considerable improvement in
flow charactcristics over those obtainel with an inlet in
the leacding cdge of a wing or streamlinc body.

The estimated variation of critical Mach number with an

"4nlet—velocity ratio based on measured pressures is given in

figure 31. The decrease to a maximum M., of 0.79 at an
inlet—velocity ratio of 0,95 frox» the valué of 0,22 for the
basic lip 6 represents the effect of the addition of the in—
cremental velocity over the fuselage. The critical speed of
the submerged inlet is much greater than tinnt of other basic

parts of the sircraft, The 1ip used was given approximately
2% of «wown incidence.

It may be concluced that the application of the results
of the generzl irvestigation to a specific design presents no

\

!
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,yadaitlo‘lal probless., It 1s considered, however, that the
us® of deflectors on the submerged duct for this dcsign was
maée €vVen more necessary because the duct was located inea

curved surface. S e

Fastimation of Compressibility Effects

A e e . o 4

' It is antieipatel that the pressure losses of the air
lentering the submcrged inlet will be appreciabdly greater at
thigh—-speed—flignt Mach nupbers than those measured for low
speeds in the resesarch of this report, esrecially at low inl:
velocity raties., .The effects of compressidlity, furthermore ‘
will vary with the thickness of the boundary layer of .the
surface into which the submoerged -ihlet is placed since the
pressurc losses -at the inlet are a function of both the |
boncdary—-layer thickness 'and the pressure gradient along® - |
. the raup. At constant inlet—velocity ratio, the effect of
compressibility is .to increase this praessure gradient.. In
lieu of high—~specd tests, it is possible.to estimate ‘the

v . Mach number eifects by considerins the incrense in the ramp
\ pressure gradient:with Mach number equivalent to - the increas |
\' s in the ramp . pressure sraaient with decreasing inlet—veLocity{
B ‘ ratio.. . v L ) . - C . SN
' o R T R o ST : |
For a constant boundary—layer thickness 2t is convenien® |
to write e e s N AT S L : |
? SVAVIes AN "”‘”/dn ?
2 \,—.-i (N, |
N (i_;. /v} \dx/
Tn I ot ::. w0 Z'vg a JINCEN - ‘

o]

_‘T", ore* CL" s .’,.\
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- " ) . . . . -
The entrarce pressure losses in terms of free—strean
dynamic prescure may also be written as '

AKy
e 10,
eff nff-‘

then

2
ax bEin - - (77 ) A
& A\ <.__é = [1- 0.2H° [/—-—-) = afb(2)
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Qheé@ concevts of effective pressure loss and effective
inlgt-velocity ratio permit the uee of meapgured low-speed
pressure losses in estimating high-speed pressure losses »
for similar esubmerged-duct designs. The measured low-

speed losses are considered to be effective values. If, for
the duet design considered, the variaticn of Mach number with
airspeed and the variation of true inlet-velocity ratis with
airspeed are known, use of these data will give an estimate
of the variation of the pressure leossee at the inlet with
airspeed. ’

Figure ¢ shows the erzective Inltet—vclociIty ratio ag a
function of lach number for various values of true inlet—
velocity ratio. These data indicate the necessity of
keeping the high—speed inlet—velocity ratio at a rather high
value 80 that the effective inlet—velocity ratio does not
beconme too small. ‘

Sstimation of Total Pressure lLosses
In order to estimate the total pressure losses up to

the face of the jet—motor compressor, the following ex—..
pression may be used: . \

IS: S Ty (@ Va 2 2
i S € ,<_-‘}-> {1 ~ o.2u® [(-—) - 1]\
1, 4 vy v, J

0

PR

Values of g may be ottained from bench tests of model
ducts or mayv be estimated from existing data. It should

be noted that, if the internal ducting consists of a

Aiffuser of large expansion ratio, the effect of thre

boundary layer along the ramp wall will be to decrease the‘
diffuser efficiency below the value odbtained for the idealize

entrance conditions., L

Data for Use by a Designer

From the precéding discussion of the reseanph the {pl—
lowing summoary. may be given:

1

1. Ramp design

-

(a) The use of divergent walls for the ramp improves

O
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the pressure recovery to such magnitude as

% to make them mandatory for ail !nstallationé.

The curved divergence shows t%¢ best charac—

o
.3 . teristics.

A{v)

Lip
(a)

()

(e)

(@)

The ramp angle may be varied up to 1002 without
incurring serious pressure losses. For a
1G°% ramp, the pressure lusses are slightly
greater than for lecsser ramp angles, If
a 109 ramp is used, a lesser divergence should
be used than for smaller ramp angles.

ctesign . .

Lip shape 6 1is satisfactory from the standpoint
of critical gspeed and internal-flow losses.

The effect of 4dncreasing the divergence is to
increase the angle of attack of the Iip at
a given inlet—velocity ratio. This effect is
believed due to increasel divergence of the
streamlines at the entrance resuiting from
increased pressure recovery. B

The effect of increasing the ramnp angle is to
decrease the angle of attack of the lip.

For any ramp angle selected, similar critical—
speel characteristics may be obtained by
selecting the proper 1lip incidence. .

Tre use of a lip submerged bdelow the surface in-
to which the entrance is plaoced so that the
lip contour becomes tangent to the surface at
its maximum thickness is believed to De more
satisfzctory than the protrudiing lip., Further
investigation of this poini{ is needed.

3., &ntrance aspect ratio

(a) Use of a square entrance in the place of a rec—

tangular one of aspsct ratio 4.0 shows slightly
greater pressure losses., 4he data covering
aspect ratio effects are meager and further
rescarchh is neseded for deternining opitimum
aspact ratilos.

.
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4, 4Boundarv—la"er thickness
»
. ‘ (a) Increasing the boundary—layer thicikness appreciabdly
. . reduces the pressure recovery. This loss may =
be reduced by increasing the length of the
deflectors along the top of the ramp walls.

5. Boundary-layer control

(&) The uss of boundarry—layer "nnfrnT needs further
investigation. For thin bcundary layvers the
use of deflectors is belleved sufficient to
insure good pressure recovery.

6, Zstimated Mach number effects

(a) A rouch approximation of Mach number effects
suff ciently accurate for design purposes may
be made by using the low—speed pressure—loss

S , characteristics as effective valuzs which are
- ' corrected for Mach nuxzber effecis.

s In order to make .the results of this research available
in a convenient form, the following design data have dbeen
prepared from results obtained by measuresents of pressure

‘ ‘ lossas at the duct entrance which may Ve usod to estimate
pressure losses at the cntrance for submersed entrances with

S ramp azngles up to 10° with divergent ramp walls eou;valent

N to thosc of divergences & and 4 of thls raoport,  The losses

A were nmeasured . .with 1ip 6 but mav be used with any lip design

that does not cause staulling of the internal flow from the

nrer surface of the upper lip, .~ S '

R

Pressure~loss data for the air eéntering the submerged
inlet are given in figure 33 for the basic sudbmerged inlet
without defiectors for the thinnest boundary layer which had
a total depth of C,8 of the duct depth.

e

’ Figure 4 preseats data for the Dbasic duct entrance with

normal deflectors with the same bounanry layer a8 for figure
Z3.
-~

;é ' Figurs 35 presents data for the basic subdbauerged entrance
T with extended deTlectors for a Goundary-— laver thickness to
duct—depth tio of 1.2. '

Figure 36 presents dats for the basic subanerged entrance
with extsnded deflectors for a boundsry—layer tunickness to
duct~depth ratio of 1.8, '
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These data are values determined by integration of con-
tours of préscure loss in the eatrance for the average inlet—
veloc1tv ra&io of the entrance.

Kt

C*lt*cql—sneed characteristics of the lip are . given in

figure 37 for the lip-angle relation with ramp angle skown.

Design considerations for jet—propelled sircraft. — The
decsign of submerged entries for the airplane of figure 38 1is
d‘nﬂ“°s°‘ to illustrate the consideraticns believed neces—
sary for a successful subdmerged—inlet design. This air-
rlane is powered with z 3000~pound static—thrust jet motor

Vid s A ')WU
“equlring 60,1 pounds of air per second at an airspeed of
'56C miles per hour at 25,000 feet altitude. The air enters
trhe jet motor at a velocity of 385 feet per second,

The location of the entrance ahead of the wing on the
flnt side of the fuselage is desirable because of the thin
boundary layer that exists in this region and because the
influence of the velocity field of the wing is minimized.

In general, it is believed good practice to locate submerged—
air inlets in a region of relatively low velocity. The
attainment of a high eritical speed for the lip is made easier
cince the incremental velocities are smallier and the.
initial velccity of the air, which is slowed down on entering
the duct, is less than for a high-velocity region, resulting

in & less severe pressure gradient and a higher pressure

recovery. ‘

The selection of twin entrances located on -the sides of
the fuselage is dictated by space considerations. It is
possibie that a single entrance could be placed in the.
bottom of the fuselace though this is objectionable because
stones or debris may be thrown into the entrance by the
nose wheel, It shkould be noted that, for a twin—duct
irstallation, there is danger of flow instability odeurring

with conssaguent duct rumble if the inlet—-velocity ratio in

any flight condition frlls bYelow the value for maximun
pressure racoevery, This condition, when it exists, is
usuglly found in gliding or diving fl*sbt with the motor
throttled or off. The instability, which consists of flow
into ore entrance and out of the otnrr, may pe eliminated

by closing off one eantrance in these flight conditions or

by makinz the raumps of the entrances movable so that the
entrance ares may be reduced and trhe inlet-velocity ratio
increased. The instability may also be removed by providing
snall szoilers in each duct :which.are actuated when the
throttle is closed or by providing air blsed in the cr1tica1
flight conditions
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Th4s~instability of flow has been found for only twin—
duct installations and is a function of the §ositive

variation of prressure recovery with inlet-velocity ratio,. -
Similar instability consisting of flow into one side of the
eatrance and out of the other, of course, may.ozcur with-a
single entrance if the total-head pressure distribution
across the entrance varies greatly at any inlet—velocity
ratio, JSuch a corndition may be eliminanted by the proper

selection of the entrance location,

3

The entrance_selected for the airplene of figure 38
consists of 2 70 ramp with curved divergent wallis similar

to divergence’ 4.

Lip 6

was vsed and was given 39 of down

incidence. A high-speed inlet—velocity ratio of 0.7 was
sclected to give high critical speed with gzood pressure—
recovery characteristics. This selection fixed trhe diffuser

expansion =2t 1.8

to 1.0,

Since the boundary-layer thickness

calculatecd by the methods of reference 5 was fourd to be
less than the thinnest boundary tested in the research

covered by this report,
estimate the variation of pressure recovery with inlet-

velocity ratio.

the data of figure 34 gere used to

Figure 39 shows the variation of the inlet—velocity

ratio with s2irsv
inlet—velocity

eed at °

rztio and

speed also are given.

Figure 40 sh

ows both

the duct euntranc=z feor thk

the entrance.of

trte *nter“al dubtlng of 85 percent.

5,000 feet altitude. The effective
tke Mach number variation with,air—

the ecstimated pressure losses at
is condition and the total losses to

the Jjet motor for a“ assumed efiicienpv of

ield of Use‘for Submerged Inlets

.

‘The results just discussed give some indication of the.
usefulness of submerged inlets relative to other inlet
tvpes. The submerged inlet is essentially a high inlef-
velocity=ratio type in contrast to wing—leading—edge =~
and fuselage—nosce inlets. This charactevistic l1imits the
rost efficient use of submergéd inlets to insernal flow-
systems which require only a small amount of diffusion,

such as the internal duciing for jet motora of the a71a1—'

flow type.

Subtmerged in

lets do

not appear to have desirable pressure—

reccvery characteristics for use in supplring-air to oil
coolers, radiators, or ¢ _
The required diffucion of the air and the

cating engines.

arturctors of conventional recipro-—

C SRR

[PRC
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range of inlet—velocity ratios is too great to give desir- ‘
able charadteristics at all flight conditions. It should
be noted also that for Jjet motors which consume air at low
velocity fr'om a plenum chamber, fuselage-nose inlets may
prove to be superior toc submerged inlets insofar 28
pressure losses are concerned.

In conclusion, it should be stated that submerged en—
trances have a definite advantage over other inlet types
for certain inlet and air-flow requirements., The design
of such inlets is more critical than that of other types
becsuse of the effects of boundary—layer thickness a2nd local
vslocity fields., The dcsign data presernted may be used to
give an accurate estimate of the characteristics of a
submerged—-duct entrance which does not depart greatly from
those studied herein, provided (1) that the boundary—layer
thickness is considered in terms of the duct—entrance depth,
and (2) that the inlet—velocity ratio used in estimating
characteristics is based on the local velocity over the
surface into which the entrance is placed.

COXCLUS IOXNS

The results of the investigation of submerged air inlets
show that

1. Zigh pressure recovery at the sudbmerged entrance may
be obteined at inlet-velocity ratios less than unity Wh Vo ~0eT)

for thin boundary layers.

2. The reduction of pressure recovery resulting from
thick boundary layers may be minimized by use of deflectors.

3. High critical compressiblity speeds (M, ~ 0.8)

'~ may be ottained without sacrificing internal-flow character—

istics at high inlet—-velocity ratiocs.

4, The variation of pressure recovery and critical speed
with angle of attack at constant inlet-velocity ratios for
fuselage side entrances is small, a characteristic which
makes submerged entrances more desiradble than wing—leading—
edge inlets for maneuverineg aircraft.

Ames Anrcnautical Iatoratory,
Tational Advisory Committen for Aarvonautics,
Yoffett Fielda, Calif.,
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APPEND IX
3 COEFFICIENTS AND SIMEOLS
o
-- Y -
x distance along ramp |
E total pressure, 1b/sq ft
21 . p static pressure, 1b/sq ft
velocity, ft/sec
| ' p  air density, slugs/cu ft '
n q dynamic pressure (1/zpv2). 1b/sq ft
P pressure coefficient (Pt - po)/q° ‘
|
A0H loss in total pressure (H —H,), 1b/sa ft
) n  ducting efficiency
. . Np diffuser efficiency factory 1 - (AHD/QA)

. M Mach number
xcr critical Mach numbdber

a angle of attack of model wing, deg

Subscripts

|
|
|
?
A station at the duct entrance ‘
L station at which the pressure measurements were made
o0 _free stream

av average over duct section

D diffuser

c compressible

- i incompressible
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TABLE II(b).~ ORDINATES FOR SUBMERGED
"LIP 6 IN INCHES
vuter inner
Station surface surface
0 -0.240 ~0.240
.25 -.087 ~.462
.50 -.037 -.537
.75 ~,012 -.597
1.00 : 0 -.027
1.50 0 -.692°
2.00 0 -.757
. 2.50 o} -.819
3.00 0 -.879
3'50 0 -.9k40
.00 0 -1.002
\ .50 0 -1.064
fq;, T Leading-edge radius = 0.125

Qﬁ Note: For location of reference line,
o see figure 15(b).

CONMMMBIEN.
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NACA ACR No. 5I20 "Fig. 3

o

(b) Vview without deflectors.

Figure 3.- Submerged-duct installation on a 0.365-scale model
of & fighter airplane.
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conditions.
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MACA ACR No, 5120

Figs. 33,34
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Figure 33.- Varistion of effective entrance-dynamic~pressure losses with effective inlet-
velocity ratioc; no deflectors.
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Figure 35.- Variation of effective entrance-dynamic-pressure losses with effective inlet-

velocity ratio; extended deflectorse; boundary laysr 3.
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NACA ACR No. 5120 ) Figs. 39,40
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Figure 39.- Variation of inlet-velocity ratio and free-stream Mach number with velocity
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